Type VI secretion system (T6SS) is a versatile protein export machinery widely distributed in Gram-negative bacteria. Known to translocate protein substrates to eukaryotic and prokaryotic target cells to cause cellular damage, the T6SS has been primarily recognized as a contact-dependent bacterial weapon for microbe-host and microbial interspecies competition. Here we report contact-independent functions of the T6SS for metal acquisition, bacteria competition, and resistance to oxidative stress. We demonstrate that the T6SS-4 in Burkholderia thailandensis is critical for survival under oxidative stress and is regulated by OxyR, a conserved oxidative stress regulator. The T6SS-4 is important for intracellular accumulation of manganese (Mn 2+ ) under oxidative stress. Next, we identified a T6SS-4-dependent Mn 2+ -binding effector TseM, and its interacting partner MnoT, a Mn 2+ -specific TonB-dependent outer membrane transporter. Similar to the T6SS-4 genes, expression of mnoT is regulated by OxyR and is induced under oxidative stress and low Mn 2+ conditions. Both TseM and MnoT are required for efficient uptake of Mn 2+ across the outer membrane under Mn 2+ -limited and -oxidative stress conditions. The TseM-MnoT-mediated active Mn 2+ transport system is also involved in contact-independent bacteria-bacteria competition and bacterial virulence. This finding provides a perspective for understanding the mechanisms of metal ion uptake and the roles of T6SS in bacteria-bacteria competition. 
Type VI secretion system (T6SS) is a versatile protein export machinery widely distributed in Gram-negative bacteria. Known to translocate protein substrates to eukaryotic and prokaryotic target cells to cause cellular damage, the T6SS has been primarily recognized as a contact-dependent bacterial weapon for microbe-host and microbial interspecies competition. Here we report contact-independent functions of the T6SS for metal acquisition, bacteria competition, and resistance to oxidative stress. We demonstrate that the T6SS-4 in Burkholderia thailandensis is critical for survival under oxidative stress and is regulated by OxyR, a conserved oxidative stress regulator. The T6SS-4 is important for intracellular accumulation of manganese (Mn 2+ ) under oxidative stress. Next, we identified a T6SS-4-dependent Mn 2+ -binding effector TseM, and its interacting partner MnoT, a Mn 2+ -specific TonB-dependent outer membrane transporter. Similar to the T6SS-4 genes, expression of mnoT is regulated by OxyR and is induced under oxidative stress and low Mn 2+ conditions. Both TseM and MnoT are required for efficient uptake of Mn 2+ across the outer membrane under Mn 2+ -limited and -oxidative stress conditions. The TseM-MnoT-mediated active Mn 2+ transport system is also involved in contact-independent bacteria-bacteria competition and bacterial virulence. This finding provides a perspective for understanding the mechanisms of metal ion uptake and the roles of T6SS in bacteria-bacteria competition.
type VI secretion | outer membrane transporter | ion uptake | oxidative stress | Burkholderia M anganese (Mn 2+ ) is an essential micronutrient transition metal required for many cellular processes, including intermediary metabolism, transcriptional regulation, and particularly resistance to oxidative stress (1, 2) . Manganese mitigates oxidative stress by serving as a cofactor for reactive oxygen species (ROS)-detoxifying enzymes (i.e., the superoxide dismutase SodA and the catalase KatN) and through the formation of nonproteinaceous manganese antioxidants in a large variety of organisms (1) (2) (3) (4) . Manganese can also enhance oxidative stress resistance by replacing the more reactive iron cofactor in certain iron-containing enzymes susceptible to oxidative attack (5) . Given the essential role of Mn 2+ in bacterial physiology, it is not surprising that restriction of this micronutrient is an important innate defense strategy. Indeed, Mn 2+ is strictly sequestered by a defense mechanism termed nutritional immunity in mammalian hosts (6) (7) (8) . To acquire sufficient Mn 2+ concentrations for adaptation to environmental stress and pathogenesis within the host niche, bacteria have developed a number of Mn 2+ transporters. The import of Mn 2+ across the inner membrane is primarily mediated by either the ATP-binding cassette (ABC) family transporter exemplified by SitABCD (9, 10) , or the natural resistance-associated macrophage protein (NRAMP) family transporter exemplified by MntH (11) (12) (13) . Recently, Hohle et al. (14) described a Mn 2+ -selective channel protein, MnoP, which facilitates passive transport of free Mn 2+ across the outer membrane of Bradyrhizobium japonicum. However, to date, an active transporter for translocation of Mn 2+ across the outer membrane has not been described.
The type VI secretion system (T6SS) is a widespread protein export apparatus used by many Gram-negative bacteria to translocate effector proteins into eukaryotic or prokaryotic cells in a contact-dependent manner (15) (16) (17) (18) . Many species possess multiple evolutionarily distinct T6SSs, which are found to play versatile physiological roles in areas such as acute and chronic infections, interbacterial interactions, biofilm formation, and stress response (15, (19) (20) (21) (22) (23) . A well-established function of the T6SSs is to compete against rival bacteria in polymicrobial environments by delivering "antibacterial" toxins such as cell-wall-degrading enzymes, nucleases, and membrane-targeting enzymes, into target competitor bacterial cells (24) (25) (26) (27) . Moreover, some T6SSs associated with pathogens have been reported to be involved in bacterial pathogenesis by translocating "antieukaryotic" effectors into eukaryotic cells to modulate host immunity and inflammation (28) (29) (30) (31) . The well-characterized antieukaryotic effectors are several "evolved" VgrG proteins and non-VgrG phospholipases and deamidases (28) (29) (30) (31) . Recently, we reported that the T6SS-4 from Yersinia pseudotuberculosis was involved in zinc transport via secretion of the zincchelating effector YezP into medium (32) . Although the underlying mechanisms remain unknown, this finding uncovers a function of T6SS in increasing bacterial fitness by competition for essential nutrients and reducing ROS. This finding also raises the question of whether T6SS can transport other metal ions such as
Significance
As an essential micronutrient, Gram-negative bacteria must concentrate Mn 2+ into the cytosol via active transport systems to meet cellular demands. Whereas inner membrane Mn 2+ transporters have been characterized, an active transporter for translocation of Mn 2+ across the outer membrane has not been described. Here we report a Mn 2+ -scavenging pathway consisting of a newly identified TonB-dependent outer membrane manganese transporter, MnoT, and a type VI secretion system (T6SS)-secreted Mn 2+ -binding protein, TseM. Traditionally, T6SS is recognized as a contact-dependent nanomachine to inject effectors into eukaryotic or prokaryotic cells for virulence or for interbacterial competition. The contact-independent functions of T6SS for metal acquisition and bacteria-bacteria competition, reported here, suggest that T6SS may have been retrofitted by some bacteria to gain additional adaptive functions during evolution.
Mn
2+ , which plays crucial roles in detoxification of ROS in microorganisms.
Burkholderia thailandensis, a soil bacterium nonpathogenic to humans, is often used as a model organism for Burkholderia pseudomallei, the causative agent of the severe disease melioidosis (33, 34) . B. pseudomallei is highly resistant to numerous antibiotics and is listed as a category B priority pathogen and a tier 1 select agent for its potential use as a biological weapon. Whereas the genomes of many bacteria harbor one to two T6SS gene clusters (22, 35) , the closely related B. thailandensis and B. pseudomallei contain five and six such clusters, respectively, suggesting multiple functions or specificities for particular niches or hosts. In Burkholderia thailandensis, T6SS-5 was found to play a critical role in the virulence of the organism in a murine melioidosis model, and T6SS-1 was found to be required for contact-dependent interbacterial competition (22) . However, the function of other such transporters remains enigmatic.
We here demonstrate that OxyR, a conserved oxidative stress regulator, regulates the T6SS-4 in B. thailandensis, which in turn facilitates the uptake of Mn 2+ to mitigate oxidative stress through secreting a Mn 2+ -binding effector TseM. Uptake of TseM-bound Mn 2+ requires a TonB-dependent outer membrane transporter (TBDT), MnoT, for active transport across the outer membrane under Mn 2+ -limited and oxidative stress conditions. Because TseM is the first reported proteinaceous nonhemopore metallophore recognized by TBDT, this finding greatly expands our understanding of active metal ion transport in bacteria. Metal assimilation and oxidative stress resistance mediated by the T6SS confers a contact-independent competitive advantage distinct from those well-studied T6SS-mediated contact-dependent functions, suggesting its diverse physiological functions have yet to be fully appreciated in Gram-negative bacteria.
Results
OxyR Negatively Regulates T6SS-4 Expression in B. thailandensis.
OxyR is a known regulator for oxidative stress in many bacterial species but its role in B. thailandensis has not been characterized. Here we found that the B. thailandensis ΔoxyR mutant showed increased resistance compared with the wild-type and the complement strain upon cumene hydroperoxide (CHP), H 2 O 2 , CdCl 2 , and diamide challenge (Fig. S1A) . However, deletion of oxyR did not affect bacterial growth under normal condition (Fig. S1B ). This finding indicates that B. thailandensis OxyR negatively regulates cellular defense genes against oxidative stress. To systematically identify OxyR-controlled genes, we performed RNA sequencing (RNA-seq)-based transcriptomic analysis and identified 673 differentially expressed genes either induced or repressed at least 1.6-fold (Dataset S1). We then validated the transcriptomic data using quantitative reverse transcriptase PCR (qRT-PCR) analysis on 14 representative genes (Fig. 1A) . Interestingly, similar to the known target genes Interaction of OxyR with a biotin-labeled probe was detected using streptavidin-conjugated HRP and a chemiluminescent substrate. An unlabeled promoter was added to determine the binding specificity of OxyR. Bio-P T6SS-4 , biotin-labeled T6SS-4 promoter. (C and D) The indicated strains grown to the stationary phase were exposed to diverse stress for 40 min and the viability of the cells was determined. Data shown are the average and SD from three independent experiments. (E) Deletion of T6SS-4 led to accumulation of intracellular ROS under oxidative conditions. Intracellular ROS in stationary phase bacterial strains exposed to CHP was determined with the H 2 DCFDA probe. Data shown are the average and SD from three independent experiments. (F) Oxidative stress induced the expression of T6SS-4. B. thailandensis strains were treated with the indicated amounts of CHP and the expressions of the major components of T6SS-4 were measured by qRT-PCR. Data shown are the average and SD from three independent experiments. ***P ≤ 0.001; **P ≤ 0.01; *P ≤ 0.05.
of OxyR, including ahpC (bth_I2092) and katG (bth_I1282), most genes encoding the major components of T6SS-4 showed significantly enhanced transcription in the ΔoxyR mutant compared with that in the wild type (Dataset S1). Negative regulation of T6SS-4 component genes (vgrG4a, vgrG4b, clpV4, and hcp4) by OxyR was also confirmed by qRT-PCR analysis (Fig. 1A) . The negative regulation of T6SS-4 by OxyR was derepressed upon CHP challenge (Fig. S1 C and D) . The results indicate that OxyR functions as a general transcriptional repressor similar to the OxyR homologs in B. pseudomallei (36) , Neisseria gonorrheae (37), and Corynebacterium glutamicum (38) .
To determine whether OxyR regulates T6SS-4 expression directly, we examined the interaction between OxyR and the T6SS-4 promoter using an electrophoretic mobility shift assay (EMSA). Incubation of a probe containing the T6SS-4 promoter (P T6SS-4 ) sequence (−536 to −186 relative to the ATG start codon of the first ORF of the T6SS-4 operon) with His 6 -OxyR led to the formation of DNA-protein complexes, and addition of excessive unlabeled probe abolished the formation of the protein-DNA complex (Fig. 1B) . Consistently, a DNA element highly similar to the known recognition site for OxyR was identified in the T6SS-4 promoter region (Fig. S1E ). Thus, OxyR negatively regulates T6SS-4 expression by specifically recognizing an operator within the T6SS-4 promoter.
The direct regulation of T6SS-4 by OxyR prompted us to examine whether the T6SS-4 plays a role in protection against oxidative stress. Thus, we determined the viability of B. thailandensis T6SS-4 mutants challenged with diverse oxidative stressors such as CHP, H 2 O 2 , CdCl 2 , and diamide. Similar to the ΔkatG and ΔahpC mutants, all mutants lacking conserved T6SS-4 structural genes were significantly more sensitive to these stressors than wildtype bacteria (Fig. 1C) . Moreover, the sensitivity of the ΔclpV4 and Δhcp4 mutants to CHP was almost completely alleviated by complementation of the clpV4 and hcp4 genes, respectively ( Fig.  1D) , further supporting the role of T6SS-4 in combating oxidative stresses. For simplicity, we used CHP only as the oxidative stressor in the following experiments.
Oxidative stress induces the production of harmful ROS. To examine the effect of T6SS-4 on ROS reduction upon oxidative stress, we assessed the intracellular ROS levels in B. thailandensis wild-type and mutant strains challenged with CHP by using the fluorogenic probe 2′,7′-dichlorodihydrofluorescein diacetate (H 2 DCFDA). As shown in Fig. 1E , mutants lacking essential components of T6SS-4 had significantly higher ROS levels than the wild type after exposure to CHP, indicating that T6SS-4 is critical in reducing ROS accumulated in B. thailandensis under stress conditions (Fig. 1E ). In agreement with these observations, the expression of T6SS-4 component genes was also induced by CHP along with katG and ahpC (Fig. 1F) . Altogether, these data indicate that the T6SS-4 is induced and important for survival under oxidative stress.
T6SS-4 Combats Oxidative Stress by Importing Mn

2+
. Manganese is known to play crucial roles in protection against oxidative damage (1-5). Our observation that B. thailandensis T6SS-4 has antioxidant function prompted us to examine whether it is involved in Mn 2+ acquisition for oxidative stress survival. As shown in Fig. 2A , whereas exogenous Mn 2+ (0.25 μM) markedly increased the survival rate of the wild-type and the complemented strain ΔclpV4(clpV4) under CHP challenge, the protective effect of exogenous Mn 2+ was largely abolished in the ΔclpV4 mutant. In addition, exogenous Mn 2+ significantly reduced intracellular ROS levels in the wildtype and the complemented strain, whereas a lesser effect was observed in the ΔclpV4 mutant (Fig. 2B ). These results suggest that T6SS-4 plays a role in the transport of Mn 2+ for survival under oxidative stress.
We then postulated that the growth of the ΔclpV4 mutant might be affected by Mn 2+ starvation under oxidative conditions. This prediction was confirmed by comparing the growth of the B. thailandensis wild type, the ΔclpV4 mutant, and the complemented strain ΔclpV4(clpV4) in the presence of ethylene diamine tetraacetic acid (EDTA) under CHP stress ( Fig. S2 A and B) . Whereas the levels of growth of all tested strains were nearly identical in lysogeny broth (LB) medium and LB containing EDTA (Fig. S2A ), the growth of the ΔclpV4 mutant was severely impaired in comparison with that of the wild-type in LB medium containing EDTA under CHP treatment (Fig. S2B) . The plasmid-borne expression of clpV4 completely rescued the sensitivity of the ΔclpV4 mutant to CHP (Fig. S2B) . Moreover, although the growth of all strains was improved by the addition of excessive Mn 2+ (250 μM) under CHP treatment, the level of increase was less in the ΔclpV4 mutant than in the wild-type and the complemented strain ΔclpV4(clpV4) (Fig. S2B) .
To test whether the increased T6SS-4-dependent survival is due to Mn 2+ acquisition, we measured the total metal content in bacterial cells treated with CHP using inductively coupled plasmon resonance atomic absorption spectrometry (ICP-MS). Our results revealed that deletion of the clpV4 significantly lowered intracellular Mn 2+ levels and that the complementation of clpV4 restored such defects (Fig. 2C) . Consistent with its role in Mn 2+ acquisition, the expression of T6SS-4 genes was repressed by exogenous Mn 2+ in a dose-dependent manner (Fig. 2D) . Altogether, these data demonstrate that the T6SS-4 mitigates oxidative stress through the uptake of antioxidant manganese. , and the expression of the major T6SS-4 genes was measured by qRT-PCR. Data shown are the average of three independent experiments and error bars indicate the SD from three independent experiments. **P ≤ 0.01; *P ≤ 0.05.
T6SS-4 Secretes a Mn
2+
-Binding Protein Substrate. Previously, we showed that zinc transport by Y. pseudotuberculosis T6SS-4 can be achieved by secreting a zinc scavenger YezP located at the end of the T6SS-4 gene cluster (32) . Here we identified a 154-residue protein (BTH_II1883) encoded by a gene also located at the end of the B. thailandensis T6SS-4 gene cluster (Fig. S3A) . Moreover, no putative promoter was identified upstream of the BTH_II1883 ORF, suggesting that this gene is part of the T6SS-4 operon. This finding prompted us to examine whether BTH_II1883 is a secreted substrate of T6SS-4. As shown in Fig. 3A , significant amounts of BTH_II1883 were readily detected in the culture supernatant of wild-type bacteria recognized by a specific anti-BTH_II1883 rabbit polyclonal antibody (Fig. 3A) . Deletion of clpV4 abrogated the secretion ) protein at 1 μM was added to bacterial survival experiments in M9 medium before viability assessment. Mutants complemented with the corresponding gene were used as controls. The mean values and SDs from at least three repeats are shown. **P ≤ 0.01; *P ≤ 0.05; n.s., not significant. T6SSs (T6SS-1, T6SS-2, T6SS-4 , and T6SS-6) in B. thailandensis (Fig. 3A) . Although complementation of the ΔclpV4 (Fig. 3A) or Δ4clpV mutant (Fig. S4A ) with clpV4 restored BTH_II1883 secretion to the wild-type level, complementation of the Δ4clpV mutant with clpV1, clpV2, or clpV6 has only minor effects on recovery of BTH_II1883 secretion (Fig. S4A) . These data suggest that BTH_II1883 is a substrate primarily secreted by T6SS-4 although there might be substrate cross-recognition among different T6SSs. The T6SS-4 cluster has two vgrG genes encoding VgrG4a and VgrG4b. Similarly, the ΔvgrG4aΔvgrG4b double mutant exhibited largely attenuated BTH_II1883 secretion, and complementation of either vgrG4a or vgrG4b partially restored BTH_II1883 secretion, indicating that the two VgrGs may act cooperatively as carriers in facilitation of TseM secretion (39) (Fig.  S4B) . In addition, TseM secretion was also impaired in the deletion mutant of icmF4, encoding a key T6SS structural protein, and restored in the complemented strain (Fig. S4C) , further supporting that TseM secretion is mediated by the T6SS-4.
Analysis with atomic absorption spectrometry revealed that BTH_II1883 can specifically bind Mn 2+ (Fig. 3B) , and a binding K d of 2.87 ± 0.32 μM was obtained by isothermal titration calorimetry (ITC) analysis (Fig. 3C, Upper) . In addition, BTH_II1883 was not able to bind Ca , and Fe 3+ (Fig. 3B) . The inability of BTH_II1883 to bind iron and zinc ions was also confirmed using the potassium ferricyanide assay (Fig. S5A ) and the 4-(2-pyridylazo) resorcinol (PAR) assay, respectively (Fig. S5B) . Thus, this protein is named type VI secretion system effector for Mn 2+ binding (TseM). TseM is conserved in multiple Burkholderia species such as B. pseudomallei, Burkholderia mallei, and Burkholderia oklahomensis (Fig. S3B) . Three dimensional structure simulation predicted several ion-binding residues (Gln35, His63, and Asp132) in TseM (Fig. S3C) . Mutation of Gln35, His63, and Asn132 (TseM Q35R/H63A/N132R ) dramatically reduced (K d = 219.4 ± 11.5 μM) but did not completely abrogate its affinity to Mn 2+ (Fig. 3C, Lower) , indicating the existence of other sites involved in Mn 2+ binding. Because of the Mn 2+ -dependent T6SS-4 protection in oxidative stress resistance and the Mn 2+ binding of TseM, we hypothesized that TseM is important for oxidative stress resistance. Indeed, in the presence of exogenous Mn 2+ (0.25 μM), the ΔtseM mutant exhibited increased sensitivity to CHP treatment (Fig. 3D) , elevated ROS levels (Fig. 3E) , and reduced intracellular Mn 2+ (Fig. 3F) , resembling the T6SS-4 mutants. Complementation of tseM restores these phenotypes to wild-type levels (Fig. 3 D-F) . Similar to T6SS-4 component genes, the expression of tseM was repressed by exogenous Mn 2+ in a dose-dependent manner (Fig. 3G) and was induced by low Mn 2+ (0.05 μM and 0.2 μM) under oxidative stress (Fig. S6A) . Next, we determined whether exogenous purified TseM restores the ability of relevant B. thailandensis mutants to survive oxidative challenge. Inclusion of metal-free TseM (1 μM) in cultures of the ΔtseM mutant fully restored its resistance to CHP, whereas inclusion of the Mn 2+ binding attenuated the TseM* variant (TseM Q35R/H63A/N132R ), or complementation of the tseM* (tseM Q35R/H63A/N132R ) gene only slightly recovered its resistance (Fig. 3H) . Moreover, exogenously provided TseM protein, but not TseM protein, intracellularly produced by providing a plasmid encoding TseM, also protected the T6SS-4 mutant ΔclpV4 from CHP-induced toxicity (Fig. 3H) . This finding suggests that, after T6SS-4-mediated translocation, Mn 2+ uptake by TseM occurred independently of the secretion system. Altogether, these data indicate that the Mn 2+ -binding effector TseM is required for T6SS-4-dependent Mn 2+ acquisition under oxidative stress.
TseM Interacts with a Mn
2+
-Specific TonB-Dependent Outer Membrane
Transporter. To reveal how TseM transports Mn 2+ into the cell, we first attempted to identify bacterial components that interact with TseM. A GST pull-down assay was performed by incubating GSTBind beads coated with GST-TseM or GST with cell lysates and supernatants of B. thailandensis wild type treated with CHP. After washing with PBS, proteins retained on the beads were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS/ PAGE) and then visualized by silver staining. Several proteins in the cell lysate with molecular weights ranging from 40 to 100 kDa were specifically retained by beads coated with GST-TseM, but not by beads coated with GST (Fig. 4A) . Mass spectrometry analysis identified the 85-kDa band as a member of the TBDT (BTH_I1598); the 60-kDa band was the ATP-dependent RNA helicase DbpA (BTH_II0214); the band around 50 kDa was identified as a chaperone protein (BTH_I2937); and the band around 44 kDa was an iron complex transport system permease (BTH_II2142) (Fig. 4A) .
The identification of a TonB-dependent outer membrane transporter prompted us to hypothesize that TseM engages receptor proteins on the bacterial surface to deliver Mn 2+ into the cell. Indeed, the specific interaction between TseM and BTH_I1598 was confirmed by an in vitro binding assay with purified GST-BTH_I1598 and His 6 -TseM proteins (Fig. 4B) . Sequence analysis of BTH_I1598 predicted a 114-residue-long N-terminal TonB-plug domain (residues 68-181) and a TonB-dependent receptor domain from residue 529 to the C terminus of the protein (Fig. S7A) . TBDTs are bacterial outer membrane transporters that mediate the active uptake of iron siderophores, vitamin B12, nickel, and zinc (40) (41) (42) . According to phylogenetic tree analysis, BTH_I1598 formed an independent cluster evolutionarily distant from the known outer membrane zinc transporter ZnuD of Neisseria meningitidis (43) and nickel transporter FrpB4 in Helicobacter mustelae (44) (Fig. S7B) . This result suggests that BTH_I1598 may be involved in transportation of other metal ions such as Mn 2+ .
To test the role of BTH_I1598 in Mn 2+ transport, we measured the total metal content of bacterial cells using ICP-MS. Our results revealed that deletion of BTH_I1598 significantly reduced intracellular Mn 2+ levels compared with those of the wild type, and complementation of the gene restored to wild-type levels (Fig. 4C) . By contrast, deletion of the bth_I1598 gene had little effect on the accumulation of Fe and Zn ions (Fig. S5C) . Consistent with its specific role in Mn 2+ transport, the expression of BTH_I1598 was induced by low, but repressed by high, extracellular Mn 2+ ( Fig. 4D  and Fig. S6B ). Thus, we designated it Mn 2+ -specific outer membrane transporter (MnoT).
Interestingly, similar to the T6SS-4 genes, the expression of mnoT was repressed by OxyR in our transcriptomic analysis (Dataset S1), and the repression by OxyR was confirmed by qRT-PCR analysis (Fig. 4E) . The expression of mnoT was also induced by CHP (Fig. 4D) . Thus, MnoT might be involved in the oxidative stress response in B. thailandensis. Indeed, the ΔmnoT mutant exhibited higher sensitivity to CHP than the wild-type and the complemented strain (Fig. 4F) . Importantly, although exogenous Mn 2+ (0.25 μM) enhanced the survival rate of the wild-type and complemented strain upon CHP challenge, the effect of exogenous Mn 2+ was largely abolished in the ΔmnoT mutant (Fig. 4F) . Similar results were obtained by comparing the growth of the B. thailandensis wild-type, the ΔmnoT mutant, and the complemented strain in the presence of EDTA under CHP stress (Fig. S2 C and  D) . These results suggest that MnoT is an outer membrane active Mn 2+ transporter and important in oxidative stress resistance.
The Mn 2+ Transport Activity of T6SS is MnoT Dependent. To investigate whether MnoT mediates the Mn 2+ transport activity of TseM and T6SS-4, we constructed ΔmnoTΔtseM and ΔmnoTΔclpV4 double mutants. Both mutants showed highly reduced survival under CHP challenge compared with the wild type (Fig. 5A) . Complementation of the tseM gene completely rescued the sensitivity of the ΔtseM mutant to CHP (Fig. 3D ) but had marginal effect on rescue of the sensitivity of the ΔmnoTΔtseM double mutant (Fig. 5A) . Moreover, although exogenous addition of metal-free apo-TseM (1 μM) significantly increased the survival of both the wild type and the ΔtseM mutant under CHP challenge (Fig. 3H) , this effect was completely abolished in the ΔmnoTΔtseM(vector) and ΔmnoTΔtseM(tseM) strains (Fig. 5A) . However, exogenous TseM protein efficiently protected the ΔmnoTΔtseM mutant from CHP toxicity when the mnoT gene was complemented (Fig. 5A) . Similarly, complementation of clpV4 failed to rescue the sensitivity of the ΔmnoTΔclpV4 double mutant to CHP, and exogenous apoTseM protected ΔmnoTΔclpV4(mnoT) but not ΔmnoTΔclpV4 (vector) or ΔmnoTΔclpV4(clpV4) from CHP toxicity (Fig. 5A ). These results demonstrate that the antioxidant activity and related Mn 2+ transport activity of T6SS-4 and TseM are mediated by MnoT.
To reveal more about the mechanisms of Mn 2+ transport mediated by MnoT and T6SS-4, we performed intrabacterial growth competition assays between different B. thailandensis strains under CHP challenge in liquid M9 medium containing 25 nM Mn 2+ . As shown in Fig. 5B , the wild type displayed a growth advantage when competing with ΔmnoT but not ΔtseM and ΔclpV4. Indeed, the ΔmnoT mutant displayed a 2.5-to 3.5-fold growth disadvantage when competing with not only the wild type, but also the ΔtseM and ΔclpV4 mutants. However, introducing the ΔmnoT mutation to the ΔtseM or the ΔclpV4 mutants abolished their competitive advantage over the ΔmnoT mutant. This result suggests that MnoT can indiscriminately transport Mn 2+ -bound TseM secreted by itself or other neighboring cells.
The importance of MnoT in mediation of the Mn 2+ transport activity of T6SS-4 was further confirmed by interbacterial growth competition assays between B. thailandensis strains and Escherichia coli K12. Phylogenetic analysis shows that, whereas MnoT homologs are widely distributed in Burkholderia species, it is absent in E. coli K12 (Fig. S8) . As shown in Fig. 5C , the B. thailandensis wild type was highly competitive against the E. coli K12 competitor under 50 μM CHP challenge in liquid M9 medium containing 25 nM Mn 2+ . However, the competitive advantage of B. thailandensis wild type over E. coli K12 was largely abolished in the ΔtseM, ΔclpV4, and ΔmnoT mutants (Fig. 5C) . As a TonB-dependent outer membrane transporter, we reasoned that heterologous expression of MnoT in E. coli K12 will improve its capability in Mn 2+ acquisition and growth fitness. As expected, expression of MnoT increased intracellular Mn 2+ accumulation in E. coli K12 under oxidative stress condition especially in the presence of exogenously provided TseM protein (Fig. 5D) . Moreover, expression of MnoT abrogated the competition advantage of the B. thailandensis wild type to the E. coli K12 competitor (Fig. 5C ). In addition, whereas the E. coli K12 (pME6032-mnoT) competitor showed equivalent competitive ability to the B. thailandensis ΔtseM and ΔclpV4 mutants, it outcompeted the B. thailandensis ΔmnoT mutant (Fig. 5C) . Altogether, these data indicate the essential role of MnoT for the T6SS-4-dependent Mn 2+ uptake that confers a contact-independent competitive advantage.
B. thailandensis Mutants Lacking clpV4, tseM, or mnoT Are Defective in
Virulence in the Galleria mellonella Larvae Infection Model. Mn 2+ uptake systems have been reported to be required for full virulence of multiple bacterial pathogens (2, 7). To investigate the role of T6SS-4-dependent Mn 2+ transport system in pathogenesis, G. mellonella (wax moth) larvae were infected with different B. thailandensis strains to determine their abilities to kill the larvae. The G. mellonella larvae infection model has been widely used to assess the virulence of various Gram-negative and Gram-positive bacterial species (45, 46) . Infection with B. thailandensis wild type exhibited the lowest survival rate at an average of 27%, whereas challenge with mutants lacking clpV4, tseM, or mnoT resulted in the mean survival rates of ∼70%, 73%, and 85% of larvae, respectively (Fig. 5E ). These data suggest that the T6SS-4-dependent Mn 2+ transport system is important for virulence. 
Discussion
Although metal ions can traverse across the outer membrane via passive diffusion, Gram-negative bacteria must effectively concentrate scarce metal ions into the cytosol via active transport systems to meet cellular demands (47 (Fig. 6 ). This T6SS-mediated Mn 2+ uptake model not only expands our current understanding of the diverse T6SS functions but also provides insights for the interaction between specialized protein secretion systems and metal acquisition. (Fig. S2 C and D) . Moreover, deletion of mnoT abolished the protective effect of exogenous Mn 2+ on oxidative stress resistance (Fig. 4F) . Finally, as a Mn 2+ transporter, the expression of mnoT was induced by low concentrations but repressed by high concentrations of Mn 2+ ( Fig. 4D and Fig. S6B ). Consistent with its role in oxidative stress resistance, the expression of mnoT was also controlled by OxyR (Fig. 4E) . These results indicate that mnoT encodes a novel Mn 2+ uptake system that facilitates the uptake of Mn 2+ at low concentrations and plays a crucial role in resistance to oxidative stress. To the best of our knowledge, an active transporter for translocation of Mn 2+ across the outer membrane has not been previously described.
Most TBDTs studied to date are involved in the acquisition of iron by means of siderophore substrates (42, 48, 49) . The siderophore substrates range in complexity from simple small molecules such as citrates to large proteins such as hemophores (48, 50) . Bacterial hemophores are secreted proteins that scavenge heme in the external medium and bring it back to their specific outer membrane receptors (51, 52) . Although proteinaceous metallophores such as nickelophore and zincophore have been proposed to be involved in TBDT-mediated nickel and zinc transport, none of these has been experimentally verified (43, 44) . In the present study, we provide the following evidence that TseM facilitates MnoT-mediated Mn 2+ transport under oxidative stress by acting as a manganeseophore: (i) recombinant TseM exhibited Mn 2+ binding capacity (Fig. 3 B and C) ; (ii) the tseM mutant was strongly deficient in Mn 2+ accumulation under oxidative stress conditions (Fig. 3F) ; (iii) deletion of tseM dramatically abolished the effect of exogenous Mn 2+ on oxidative stress resistance (Fig. 3 D and E) ; (iv) the expression of tseM was repressed by high concentrations of Mn 2+ (Fig. 3G) ; (v) TseM directly interacts with MnoT ( Fig. 4 A  and B) ; and (vi) the function of TseM on Mn 2+ transport and oxidative stress resistance is highly dependent on the presence of MnoT (Fig. 5 A-D) . We thus tentatively suggest the term "manganeseophore" for secreted Mn 2+ binding proteins, which sequester this metal from the environment and interact with the outer membrane transporter for improved Mn 2+ uptake. We present TseM as a description of a proteinaceous metallophore other than hemophores for scavenging heme iron. Indeed, the TseM-MnoT manganese transport system shares some functional similarities with the bacterial HasA hemophore system. In the HasA system, the heme-binding protein HasA secreted by the type I secretion system scavenges heme from the host and presents it to a specific TBDT outer membrane transporter, HasR, whereby it is internalized by a TonB-dependent process (51, 52) . Similarly, the T6SS secreted TseM scavenges manganese in the extracellular medium and reassociates with the TBDT transporter, MnoT, to facilitate bacterial manganese acquisition. Whether such metallophore-TBDT systems exist for the transport of other metal ions such as zinc and nickel require further investigation. Together with the report that T6SS is involved in Zn 2+ uptake in Y. pseudotuberculosis (32), our finding of the involvement of T6SS in Mn 2+ uptake significantly expands the range of known functions of this specialized protein secretion system. Recently, Chen et al. (53) reported that the T6SS in Pseudomonas taiwanensis is involved in the secretion of iron chelator pyoverdine. Although the secretion mechanism of pyoverdine remains unidentified, this study implies the role of T6SS in iron uptake. Moreover, previous reports have shown that the expression of some T6SSs was regulated by iron and zinc in B. mallei and B. pseudomallei (35) , and by the ferric uptake regulator Fur in Pseudomonas aeruginosa (54) , further supporting the role of T6SS in metal ion acquisition. Therefore, we postulate that the "metal transporting" T6SSs may represent a novel type of T6SS that secretes metal scavenging proteins into the extracellular milieu for transport of various metal ions.
Antibacterial activities of the T6SS can induce ROS generation in target cells, which contribute to target cell death (55) . In contrast, the metal transporting T6SSs can reduce intracellular ROS levels by taking up antioxidative Mn 2+ (Fig. 2) and Zn 2+ (32) . Indeed, the B. thailandensis T6SS-4 reported here conferred bacteria a contact-independent competitive advantage in both interspecies and intraspecies bacterial competition ( Fig. 5 B and C) through transporting Mn 2+ under oxidative stress conditions, which is distinct from the contact-dependent competitive advantage conferred by those well-described antibacterial T6SSs (22, 24, 56) . Thus, T6SSs play crucial roles in shaping the composition of a microbial population in the host or environmental niche, either by direct killing of competing cells via contact-dependent translocation of toxins, or by competition for essential nutrients via contactindependent secretion of proteinaceous metallophore. It will be interesting to investigate whether the metal transporting T6SS can puncture and inject toxins into target cells, or whether somehow this system has lost any puncturing ability of target cells and has been redesigned exclusively for extracellular release.
Because manganese is an essential micronutrient for bacterial growth, bacterial pathogens have evolved efficient mechanisms to acquire Mn 2+ from the nutrient-restricted host environment to cause disease (2, 7). Indeed, Mn 2+ uptake systems were reported to be required for full virulence of multiple bacterial pathogens such as Yersinia pestis (57), Y. pseudotuberculosis (13), Streptococcus mutans (58), Salmonella enterica serovar Typhimurium (59), Borrelia burgdorferi (60) , and Brucella abortus (61) in different animal models. Consistently, we found the B. thailandensis ΔmnoT, ΔtseM, and ΔclpV4 mutants were attenuated in virulence in the G. mellonella larvae infection model (Fig. 5E) , suggesting the importance of the T6SS-4-mediated Mn 2+ transport system in the resistance to host nutritional immunity. Similar results were reported for the T6SS involved in Zn 2+ uptake in Y. pseudotuberculosis in a mouse infection model (32) . Thus, the metal transporting T6SSs may represent a promising target for therapeutic development of new antimicrobials.
Materials and Methods
Bacterial Strains and Growth Conditions. Bacterial strains, plasmids, and primers used in this study are listed in Dataset S2. E. coli and B. thailandensis strains were cultured in LB aerobically on a rotary shaker (220 rpm) or on LB plates at 37°C. The B. thailandensis E264 strain was the parent of all derivatives used in this study (62) . M9 medium containing different levels of Mn 2+ was used for survival assay and bacterial competition assay.
Protein Secretion Assay. Secretion assays for TseM (BTH_II1883) were performed according to described methods (63) . Briefly, strains were inoculated into 200 mL LB and incubated with continuous shaking until OD 600 reached 1.6 at 37°C. A 2-mL culture was centrifuged and the cell pellet was resuspended in 100 μL SDS-loading buffer; this whole-cell lysate sample was defined as TseM IN . A total of 180 mL of the culture was centrifuged, and the supernatant was filtered through a 0.22-μm filter (Millipore) and secreted proteins in the supernatant were collected by filtration over a nitrocellulose filter (BA85) (Whatman) three times. The filter was soaked in 100 μL SDS sample buffer for 15 min at 65°C to recover the proteins present, and the sample was defined as TseM OUT . All samples were normalized to the OD 600 of the culture and volume used in preparation.
Detailed protocols for these experiments and additional procedures are described in detail in SI Materials and Methods.
